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ABSTRACT

Author: Ji, Zhongjie. Master of Science
Institution: Purdue University
Degree Received: May 2018
Title: Effects of Plant Growth Regulators on Salinity Tolerance in Perennial Ryegrass.
Committee Chair: Yiwei Jiang

Salinity stress is a major abiotic stress that affects plant growth and development. Application of
plant growth regulators (PGRs) can improve salinity tolerance. The objective of this study was to
investigate effects of PGRs effect on growth and physiology of perennial ryegrass (Lolium
Perenne) and alterations of endogenous plant hormone under salinity stress in perennial ryegrass
cultivars.
The reduced plant height, dry weight and fresh weight, and K+ concentration and increased
Na+ concentration were observed in four cultivars of Brightstar SLT, Catalina, Inspire and
SR4660ST under both 100 mM and 200 mM NaCl. No obvious PGR effects were found in the
plants grown under 100 mM NaCl. Foliar application of 6-Benzyladenine (6-BA), abscisic acid
(ABA), CaCl2, γ-aminobutyric acid (GABA), nitric oxide donor sodium nitroprusside (SNP),
jasmonic acid (JA), salicylic acid (SA), especially 6-BA, GABA and SNP had significantly
higher fresh and dry weight, chlorophyll fluoresce and K+ concentration and lower Na+
concentrations under 200 mM NaCl, compared to the plants sprayed with water, but the results
varied with PGR and cultivars.
Compared to non-stressed plants, 200 mM NaCl increased total soluble protein (TSP) and
decreased activities of superoxide dismutase (SOD) catalase (CAT) and peroxidase (POD) in
Brightstar SLT and SR4660ST. Application of 6-BA increased CAT and POD activities but
decreased TSP in both cultivars, while application of SNP had higher CAT activity in both
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cultivars and decreased POD activity in SR4600ST under salinity stress, compared to the plants
sprayed with water. No obvious effects of GABA application on antioxidant activity were found
under salinity stress.
Salinity stress (200 mM NaCl) increased zeatin concertation at 5- and 12-d of harvests in
SR4660ST, while increased kinetin concentration was found on 1st harvest for SR4660ST and 2nd
harvest for Brightstar SLT, compared to their respective non-stress control. Increased indole-3butyric acid concentration was found in Brightstar SLT and SR4660ST for both harvests under
salinity stress, but indole-3-acetic acid content was unaffected. Salinity stress caused 73%
reduction of jasmonic acid in Brightstar SLT and 74 % reduction in SR4660ST at 2nd harvest
time. Salinity stress also caused 90% reduction of abscisic acid concentration on 1st harvest for
Brightstar SLT. The results suggested that alterations of the endogenous hormone could be
associated with plant adaption to the salinity stress.
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CHAPTER 1. LITERATURE REVIEW

1.1 Perennial Ryegrass
Perennial ryegrass (Lolium perenne) is one of most widely used cool-season turf and forage
grasses in the temperate regions. Native to Europe, Asia, and north Africa, turf-type perennial
ryegrass are extensively used on golf courses, athletic fields, home lawns and parks (Liu and
Jiang, 2010). Its fast establishment, high palatability, high yields of quality herbage as well as
tolerance to a range of environment and grazing managements makes this species an important
pasture grass for dairy, meat, and wool production (Jones et al., 2002; Young et al., 2013). In
addition, growing perennial ryegrass has positive effects on the enviroment by promoting carbon
assimilation, soil formation, reducing erosion, and nutrient enhacing cycling (Pouyat et al.,
2009).
Perennial ryegrass is a bunch type grass and propagates through tillers. The optimum
temperatures for shoot and root growth are 20 to 25°C and 18 to 22°C, respectively. Perennial
ryegrass is diploid (2n = 2x = 14), self-incompatible, and has a high degree of genetic diversity
(Yu et al., 2011). Tetraploids of perennial ryegrass (2n = 4x = 28) have improved forage quality
and productivity and are also suitable for turf management (Richardson et al., 2007). As a
member of Poceae family, perennial ryegrass is genetically closer to wheat (Triticum aestivum),
barley (Hordeum vulgare), and Brachypodium distachyon.
1.2 Soil Salinity
Soil salinity is an abiotic stress limiting agricultural production, leading to great loss of crop
yield and quality. It has been demonstrated that over 6% of land area around world and 20% of
irrigated lands are affected by salinity stress (Munns, 2005). Furthermore, effects of salinity

2
stress on crop production could become more severe with further industrialization and rise of
sea-level, causing problems in crop production, especially in salt affected sites.
Salinity stress can be a problem in turfgrass management in coastal and saline areas. To
save fresh water, reclaimed water from waste water treatment may be used in these areas for
irrigating grasses. Poor irrigation water quality can potentially increase salinity stress to the
plants. Turfgrass management on salinity-affected areas includes the use of salinity tolerant
species and cultivars. Previous research has evaluated salinity tolerance of different species and
cultivars (Hu et al., 2011; Qian et al., 2001; Tang et al., 2013a). The salinity tolerance of
perennial regress is ranked as moderate in commercial turfgrass species (Harivandi et al., 1992).
The large variations in salinity tolerance in perennial ryegrass and in other turfgrass species
allow the physiological mechanisms of salinity tolerance to be studied. Further understanding of
growth and physiological responses of turfgrass to salinity stress provides an important basis for
enhancing management practices and breeding programs aimed at improving salinity tolerance
and minimizing stress injury.
1.3 Salinity Effects on Plants
Salinity can cause ionic and osmotic stresses to the plants (Munns and Tester, 2008). High Na+
concentration disturbs ionic homeostasis, reduces K+ uptake and decreases plant growth. Large
amounts of Na+ and Cl- can be absorbed by roots, which negatively affect growth and metabolic
processes (Deinlein et al., 2014). High soil salinity also decreases plant water uptake (Mäser et
al., 2002) and inhibits the stomatal conductance, thus reducing gas exchange (Kim et al., 2016).
Plant responses to salinity are complex, involving many morphological, physiological, and
molecular changes (Munns and Tester, 2008). Plants utlize to survive saline environments or
reduce plans damage depend on salt concentration, stress duration and the plant species.
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1.3.1 Growth responses to salinity
Fresh and dry weight and plant height are commonly used measurements to evaluate plant
growth under abiotic stress conditions. Salinity reduces the ability of plants to take up water,
causing reduction in growth rate (Munns, 2002). Salinity stress reduces both root development
and shoot elongation, thus affecting plant growth (de Lacerda et al., 2003). Reduced dry weight
and fresh weight are commonly observed in both cool season and warm season turfgrasses
exposed to salinity stress, including creeping bentgrass (Agrostis stolonifera), perennial ryegrass,
Kentucky bluegrass (Poa pratensis), and bermudagrass (Cynodon dactylon) (Alshammary et al.,
2004; Marcum and Pessarakli, 2006; McCarty and Dudeck, 1993; Song et al., 2017). Across nine
fescue and other cool-season grasses, salinity stress inhibited elongation of both shoots and roots
(Zhang et al., 2013). The salinity tolerant cultivars of perennial ryegrass had the less reduction of
dry weight and leaf elongation, and reductions in leaf growth occurred earlier than that in the
roots (Yin et al., 2017).
Salinity affecting plant growth also varies with salt concentration and plant species. It
was reported that shoot growth of seashore dropseed (Sporobolus Virginicus) was stimulated by
100 mM NaCl and root growth was stimulated up to 1 M NaCl (Tada et al., 2014). Similarly, low
or medium levels of salinity had promotive effects on shoot fresh weight and dry weight in alkali
sacaton (Sporobolus airoides) and seashore paspalum (Paspalum vaginatum). Low
concentrations of NaCl solution also benefited perennial ryegrass seed germination due to
maintaining an appropriate water potential gradient in hydroponic system (Dianati Tilaki and
Behtari, 2017). However, salinity stress above 100 mM NaCl significantly reduced the
germination rate of perennial ryegrass (Kusvuran et al., 2015). Across fescue cultivars and other
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cool-season grasses, seed germination rate decreased as salinity level increased (Zhang et al.,
2013).
The growth reduction associated with salinity stress can be the consequence of a number
of physiological changes and effects. Commonly, low photosynthetic performance and carbon
allocations are two main factors resulting in growth reduction (Crichley, 1985). In addition, the
build-up of the salt concentration in leaves accelerates growth inhibition and loss of leaves is
affected by assimilate supply and hormones to growth regions (Munns, 1993).
1.4 Physiological Responses to Salinity
1.4.1 Chlorophyll florescence and chlorophyll content
Chlorophyll florescence (Fv/Fm) indicates photochemical efficiency of photosystem II (Flagella
et al., 1995). It was reported that salinity stress reduced Fv/Fm in castor bean (Ricinus communis)
(Li et al., 2010). However, salinity did not affect the Fv/Fm of warm-season grasses such as salt
hay (Spartina patrens) smooth cordgrass (Spartina alterniflora), denseflower cordgrass
(Spartina densiflora) and seashore saltgrass (Distichlis spicata) (Maricle et al., 2007). The
results indicated that effects of salinity stress on photochemical efficiency depend on plant
species Salinity stress can also disrupt chlorophyll a chlorophyll b, and total chlorophyll content
in some plant species such as rose periwinkle (Catharanthus roseus) (Jaleel et al., 2008), tomato
(Solanum lycopersicum) (Al-aghabary et al., 2005), and wheat (Triticum aestivum) (Khan et al.,
2009).
1.4.2 Ion concentration
In saline environments, elevated ion concentrations can directly lead to various impairments in
diverse cellular processes (Hauser and Horie, 2010). Sodium influx and efflux across membranes
are through transmembrane Na+ transporters and channels. Accumulation of Na+ can disrupt
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cellular membranes, leading to ion leakage or damage of macromolecules (Ma et al., 2016). The
toxicity of Na+ inhibits metabolic activities, including enzyme reaction, protein synthesis and
photosynthesis (Hall and Flowers, 1973; Tsugane et al., 1999). Salinity-tolerant plants had the
capacity to restrict the uptake of Na+, sequester Na+ into the vacuoles, and accumulate
compatible molecules or compounds, such as proline, glycine betaine, and sugars, making
contributions to osmotic adjustment (Thalji and Shalaldeh, 2007). Perennial ryegrass irrigated
with 50 mM NaCl or above showed significant declines in growth and increases in the Na+
concentration in plant tissues (Tang et al., 2013a).
Potassium is another key ion involved in salinity stress, because Na+ competes with K+
for uptakes sites at the plasma membrane (Shabala and Cuin, 2008). The high-affinity K+
transporter HKT1 is one of most important transporters that controls Na+ import into root
(Platten et al., 2006). Intercellular K+/Na+ homoeostasis prevents the excessive amount of Na+ to
accumulate in the cytosol (Chen et al., 2007). Plant tolerance to salinity was associated with
exclusion of Na+ from shoot and accumulation of K+ (Hauser and Horie, 2010; Joshi et al., 1979).
In Arabidopsis thaliana, salinity tolerant plants had a greater ability to exclude Na+ from shoot
and leaf blade, and concurrently maintained high level of K+ (Tester, 2003; Zhu, 2001). This
mechanism is observation found in a number of plant species (Hauser and Horie, 2010; Joshi et
al., 1979; Song et al., 2017). Higher ratio of the K+/Na+ in plant tissue was associated with
salinity tolerance in various accessions of perennial ryegrass (Song et al., 2017; Tang et al.,
2013b). In addition, supplementation higher levels of K+ source can alleviate cytotoxic effects of
Na+ (Shi et al., 2000).
Calcium ion can act as a major secondary massager that plays a crucial role in mediation
of plant growth and stress physiology (Jiang and Huang, 2001; Mahajan et al., 2008). High Ca2+
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concentration could maintain a plant’s capacity for nutrient uptake and transport under saline
conditions (Fageria and Moreira, 2011). Various experiments revealed that Ca2+ could facilitate
higher selectivity of K+/Na+, thus minimizing toxicity caused by NaCl (Epstein, 1998; Kim et al.,
2007; Liu and Zhu, 1997). In perennial ryegrass, over accumulation of Na+ can interfere with
Ca+ uptake under salinity stress (Song et al., 2017).
1.4.3 Antioxidant activity
Salinity stress can enhance the production of reactive oxygen species (ROS) in subcellular
compartments (Sreenivasulu et al., 2000). The enhanced generation of ROS, especially under
stress conditions, could damage protein, DNA, and membranes. In plant cells, several ROS exist
including superoxide (O2- ), hydrogen peroxide (H2O2), and hydroxyl radical HO.. The reaction
can be summarized by expression: O2- → H2O2 → HO → H2O. Several antioxidant defense
systems may work concurrently in removing or suppressing ROS toxicity under salinity stress
(Wu et al., 2017).
Plant have evolved enzymatic systems to scavenge, decompose and remove ROS.
Superoxide dismutase (SOD) scavenges O2- to H2O2 and O2 (Grene et al., 2002). H2O2 is a vital
secondary messenger in plants signaling networks triggers different philological and molecular
responses to salinity stress (Sun et al., 2010). The accumulation of H2O2 can be decomposed by
several other enzymes such as peroxidase (POD), catalase (CAT), ascorbate peroxidase (APX),
and glutathione reductase (GR). CATs have been assumed to be particularly important in
detoxifying H2O2 formed during photosynthesis and photorespiration (Verslues et al., 2007).
Peroxidase (POD) catalyzes the reduction of H2O2 to water (Luo et al., 2016). In perennial
ryegrass, with increase electrolyte leakage and H2O2 under salinity stress, leaves had greater
activity of SOD, POD, APX at 4 d salinity treatment but a lower level of enzyme activities at 8
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and 12 d, compared to the non-stress control (Hu et al., 2012). The salinity tolerant genotype of
chickpea (Cicer arietinum) had increased activity of CAT, SOD, APX, and GR under salinity
stress (Rasool et al., 2013). After 20 d of salinity treatment, seashore paspalum showed higher
activities of APX and POD than centipedegrass (Eremochloa ophiuroides), indicating a better
salinity tolerance of seashore paspalum (Liu et al., 2012).
Lipid peroxidation is an indicator of lipid peroxidation. Malondialdehyde (MDA) has
been widely used to assess salinity induced oxidative stress and damage to cellular membranes
(Meloni et al., 2003). The levels of MDA rapidly accumulated in both roots and shoots of
perennial ryegrass exposed to salinity stress (Yin et al., 2017), but the salinity tolerant cultivar
had a lower level of MDA and maintained the greater turf quality than the sensitive one (Hu et
al., 2013). Similarly, salinity stress also induced accumulation of MDA concentration on
barreclover (Medicago truncatula), reaching about 2 times greater than that of the control
(López-Gómez et al., 2016). In rice, MDA levels remained unchanged in the roots of the tolerant
cultivars but increased in the sensitive cultivars (Demiral and Türkan, 2005). The results
indicated that lower level of MDA contributed to better salinity tolerance.
1.4.4 Soluble carbohydrate
Carbohydrates are primary products of photosynthesis in higher plants. Carbohydrates are
particularly important in plant stress responses because they are directly related to
photosynthesis, reparation, growth, and nutrients translocation (Kerepesi and Galiba, 2000).
Total water soluble carbohydrate (WSC) increased (Amini and Ehsanpour, 2005; Khodary, 2004;
Tang et al., 2013a), decreased (Sultana et al., 1999) or remained unchanged (Geissler et al.,
2009) in plants subjected to salinity stress. WSC increased in in the roots of tomato
(Lycopersicon esculentum), but the reducing sugars decreased in both shoots and roots under
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high salinity stress (Amini and Ehsanpour, 2005). In perennial ryegrass, over 150mM NaCl
solution treatment stimulated shoot WSC, but no significant changes in WSC were found under
150 mM NaCl (Tang et al., 2013a). Among the soluble carbohydrates, fructan and sucrose play
critical roles in adaptation to stresses. Fructans are fructose polymers that are synthesized from
sucrose. Fructan hydrolysis contributed to osmosis regulation in daylily (Hemerocallis
lilioasphodelus) (Le Roy et al., 2007). The concentration of fructan was more sensitive to
salinity stress, and increased at 50mM NaCl and was highly correlated with the Na+
concentration in perennial ryegrass (Tang et al., 2013a). The increase of WSC and free amino
acid content in roots of perennial ryegrass might contribute to osmotic adjustment under salinity
stress (Zhao et al. 2016).
1.5 Plant Growth Regulators (PGRs) Effects under Salinity Stress
Plant growth regulators are strongly involved in the regulation of plant developmental processes,
signaling networks, and biotic and abiotic stress responses of plants. Plant hormones (e.g.,
auxins, cytokinins, abscisic acid, gibberellins, ethylene, jasmonic acid, and salicylic acid),
signaling molecule (e.g., nitric oxide), steroidal phytohormones (e.g., brassinosteroids), ion
chemicals (e.g, Ca 2+), and phytohormone-like aliphatic amine natural compounds (e.g.,
polyamines) are the major PGRs that have received attention for studying their positive effects
on the plants (Asgher et al., 2015). PGRs have been applied to the plants to counteract the
adverse effects of environmental stresses (Giron et al., 2013; Khan et al., 2014). Exogenous
application of various PGRs such as polyamine, gibberellic acid, ascorbic acid, salicylic acid,
calcium chloride, and nitric oxide enhance salinity tolerance of plants (Ma et al., 2012).
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1.5.1 Abscisic acid (ABA)
Abscisic acid (ABA) is a sesquiterpenoid molecule that regulates seed development, dormancy,
germination and seeding growth (Klingler et al., 2010). Abscisic acid is also an essential
regulator of salinity stress through controlling stomata conductance, producing osmoprotective
proteins and metabolites (Zhu, 2002). Abscisic acid accumulation under osmotic stress could
result from activation of biosynthesis and inhibitions of degradation (Verslues and Zhu, 2005).
Higher levels of the endogenous ABA benefited growth and enhanced salinity tolerance in rice
(Oryza sativa), common bean (Phaseolus vulgaris) and maize (Zea mays) (Cabot et al., 2009;
Cramer and Quarrie, 2002; Hu et al., 2006). Exogenous application of ABA on perennial
ryegrass can alleviate the damage of salinity stress by activation of antioxidant metabolism and
maintenance of membrane stability (Yang et al., 2012). Abscisic acid treated rice seed had lower
Na+ and Cl- but higher K+ and Ca+ concentrations and soluble carbohydrate accumulation under
salinity stress (Gurmani et al., 2011). At the molecular level, the Arabidopsis thaliana
AtNHX1gene, encoding a vacuolar Na+/H+ antiporter, was partially upregulated by ABA under
salinity stress (Shi and Zhu, 2002).
1.5.2 6-Benzyladenine (6-BA)
Cytokinins (CKs) promote plant growth, development and plant adaptation to stress (Haberer
and Kieber, 2002; Nishiyama et al., 2012). N6-isopentenyladenine, cis-zeatin, kinetin, and transzeatin are the common naturally occurring isoprenoid of CKs. 6-benzylaminpurine (6-BA) is a
synthetic compound of cytokinin that functions the same to other naturally occurring cytokinins
(Choi and Hwang, 2007). It is generally acknowledged that CKs are produced in the root tips and
developing seeds of plants (Ryu and Cho, 2015). They are translocated from the roots via xylem
to the stems and leaves where they regulate plant growth and development processes (Edwards et
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al., 2001). It has been found that reduction of cytokinins biosynthesis in the roots resulted in
decrease of the cytokinin supply in the shoots (Nishiyama et al., 2011).
Maintenance of high cytokinin levels improves salinity tolerance via stabilization of
photosynthesis and mobilization of plant metabolism (Dobrev and Vankova, 2012). Exogenous
CKs application increased the transpiration rate and reduced the ABA content in wheat
(Bengtson et al., 1979). It was reported that KIN was effective in increasing the germination rate
and grain yield in both salinity-tolerant and salinity-sensitive wheat cultivars, but 6-BA did not
alleviate the negative effects of salinity stress on the plants (Iqbal et al. 2006). Application of
exogenous 6-BA increased antioxidant activity and photosynthesis and reduced growth
suppression in both salinity-tolerant and salinity-sensitive eggplant (Solanum melongena)
cultivars (Yu et al., 2014). In perennial ryegrass, 6-BA could mitigate the adverse effects of
salinity through suppressed Na+ accumulation and increased high-affinity K+ transporter
expression (Ma et al., 2016).
1.5.3 Salicylic acid (SA)
As a naturally occurring hormone, salicylic acid (SA) acts as a signaling molecule with multiple
effects on plant tolerance to environmental stresses (Syeed et al., 2011; Wang et al., 2010).
Salicylic acid accumulates and interacts with other hormonal effects, like jasmonic acid (JA) and
ethylene, in response to various abiotic stress (Koornneef and Pieterse, 2008). Salicylic acid may
also control the photosynthesis rate via stomatal closure, chlorophyll content, electron transport
rate in different species (Poór et al., 2011). SA activated the antioxidantive defense through
inhibition of CAT activity (Dat et al., 1998). For the Mungbean (Vigna radiate), spraying with
SA enhance assimilation of nitrogen and sulfur, promoted antioxidant metabolism, and
ameliorated photosynthesis under salinity stress (Nazar et al., 2011). It was found that SA treated
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tomato (Solanum lycopersicum) accumulated more soluble carbohydrates in both shoots and
roots under salinity stress, which could contribute to osmotic adjustment for salinity tolerance
(Poór et al., 2011). In perennial ryegrass, SA treated plants maintained growth rate under Cd
stress by reducing Cd translocation from roots to shoots and increasing antioxidant enzyme
activities in both shoots and roots, including SOD, CAT, POD, and APX (Wang et al., 2013b).
1.5.4 Nitric oxide (NO)
Nitric oxide is a signaling molecule showing diverse biological functions in plants (Shi et al.,
2011). Many biotic and abiotic stresses stimulate NO biosynthesis (Mandal et al., 2012; Zhao et
al., 2009). The biosynthesis of NO is also involved in phytohormones biosynthesis including
ABA, auxin, CK, SA and JA (Kolbert et al., 2008; Tun et al., 2008; Zottini et al., 2007). Nitric
oxide levels are regulated by both endogenous and environmental cues (Liu et al., 2015). Nitric
oxide precursor sodium nitroprusside (SNP) is the form widely used for external application to
plants. Application of NO mitigated salinity stress by improving osmolytes and antioxidant
enzyme on chickpea (Ahmad et al., 2016). In perennial ryegrass, NO application reduced the
adverse effects of Cd stress (Wang et al., 2013a; Wang et al., 2013b).
1.5.5 Jasmonic acid (JA)
JA is the primary signal in jasmonate-dependent response, including defense against insects and
pathogens (De Vleesschauwer et al., 2016; Schmiesing et al., 2016), protection from abiotic
stress (Du et al., 2013), and promotion of reproductive development (Li et al., 2004). JA
signaling can be activated by K+ starvation under salinity stress, which modulates the
transcriptional program and determines the recovery of growth rate (Julkowska and Testerink,
2015). Endogenous JA concentration in plants increased under high salinity stress, indicating that
accumulation of JA could protect against salt-induced adverse effects (Moons et al., 1997). In
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addition, exogenous JA application could lower the uptake of Na+ and increase Ca and Mg levels
under salinity stress, which protected photosynthesis in rice cultivars (Kang et al., 2005).
1.5.6 γ-aminobutyric acid (GABA)
GABA is a non-protein amino acid and functions in pollen tube migration in Arabidopsis (Yu et
al., 2014). In plants, GABA is a ubiquitous molecule that largely responds to a wide range of
environmental stimuli (Renault et al., 2011). Under stress conditions, GABA formation can be
promoted by glutamate decarboxylase (GAD) and diamine oxidase (DAO) activity (Youn et al.,
2011; Young et al., 2013). The function of GAD is not well understood, but it might be involved
in quick responses to salinity regulation and down regulation of the polyamine pathway (Akçay
et al., 2012). Application of GABA enhanced heat tolerance of creeping bentgrass by increasing
the accumulation of amino acid, organic acid, sugars and sugar alcohols (Li et al., 2016).
1.5.7 Calcium chloride (CaCl2)
Calcium is a key signal molecule and plays important roles in salinity adaptation. Salinity stress
activates a Ca2+-dependent signal transduction pathways, regulating ion transport and facilitating
osmotic activation of stress responsive promoters (Bressan et al., 1998). Soybean treated with
CaCl2, the promotion of protein biosynthesis, activation of antioxidant enzymes, and
accumulation of secondary metabolites and osmolytes contributing to incerased ssalinity
tolerance (Yin et al., 2015). Perennial ryegrass irrigated with supplemental Ca(NO3)2•4H2O
showed better turf quality compared with salinity control without Ca2+ supply, via reduction of
malondialdehyde (MDA), electrolyte leakage (EL), and H2O2 levels (Hu et al., 2016).
1.6 Summary
Salinity is a common and severe abiotic stress that constrains plant growth and production.
Plants adapting to salinity stress may undergo morphological, physiological and molecular
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alterations. PGRs play a role in reducing the adverse effects of salinity stress. The exogenous
application of PGRs may promote salinity tolerance of the plants through the functional and
regulatory control salinity responses. The exogenous application of PGRs would not only reveal
salinity tolerance mechanisms but also contribute to effective management of turf and forage
grass species under salinity stress.
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CHAPTER 2: EXOGENOUS APPLICATION OF PLANT GROWTH
REGULATORS ON GROWTH AND PHYSIOLOGICAL RESPONSES OF
PERENNIAL RYEGRASS TO SALINITY STRESS

2.1 Abstract
Application of plant growth regulators (PGRs) may improve salinity tolerance. The objective of
this study was to study the effects of PGRs on growth and physiology of perennial ryegrass
(Lolium perenne) cultivars under salinity stress. Four cultivars, Brightstar SLT, Catalina, Inspire,
and SR4660ST were sown and grown in sand in a greenhouse and irrigated with 50 mL halfstrength Hoagland solution for 60 days before exposure to 100- and 200- mM NaCl for 14 d. 6Benzyladenine (6-BA, 10 µM), abscisic acid (ABA, 10 µM), CaCl2 (10 mM), γ-aminobutyric
(GABA, 500 µM), nitric oxide donor sodium nitroprusside (SNP, 200 µM), jasmonic acid (JA,
50 µM), salicylic acid (SA 50 µM), and water were sprayed on the plants every day for three
days prior to stress and then every two days during salinity stress. Across cultivars, reduced plant
height, dry weight and fresh weight, and K+ concentration and increased Na+ concentration were
observed under both 100 mM and 200 mM NaCl. Chlorophyll fluoresce (Fv/Fm) was unaffected
by 100 mM but decreased under 200 mM NaCl. No obvious PGR effects were observed in the
plants with 100 mM NaCl. However, with 200 mM NaCl, plants sprayed with 6-BA, SNP and
GABA generally had significantly higher fresh weight, dry weight, Fv/Fm and K+ concentration
and lower Na+ concentrations, compared to the plants sprayed with water, but the results varied
with cultivars. Other PGRs also showed some improvements in plant growth and physiology
with 200 mM NaCl. The results suggested that application of PGRs improved growth and
photochemical efficiency and lowered Na+ of perennial ryegrass cultivars under high salinity
stress.
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2.2 Introduction
Salinity stress can severely affect plant growth and development. The adverse effects of salinity
stress on the plants are generally imposed through osmotic stress by limiting water up take and
excessive uptake of sodium (Na+) ions (Munns, 2002). High Na+ accumulation can disturb plant
ionic homeostasis and decrease plant growth and increase the senescence rate of older leaves.
Early senescence caused by salinity stress is often accompanied with decline in chlorophyll
content, reduced photosynthetic efficiency, and increased oxidative injury (Parihar et al., 2015).
Plant can adjust metabolism to cope with salinity stress. This includes but is not limited to
accumulation of water-soluble sugar and organic acids for osmotic adjustment as well as
excluding Na+ from shoot and accumulation of K+ (Hauser and Horie, 2010). Hence, the ratio of
K+/Na+ is an essential trait for assessing plant salinity tolerance. The salinity tolerant plants often
have higher K+/Na+ under salinity stress (Tang et al., 2013a; 2013b).
PGRs are strongly involved in the regulation of plant developmental processes, signaling
networks, and biotic and abiotic stress responses of plants (Tabur and Demir, 2010). Plant
hormones (e.g., auxins, cytokinins, abscisic acid, gibberellins, ethylene, jasmonic acid, and
salicylic acid), signaling molecule (e.g., nitric oxide), steroidal phytohormones (e.g.,
brassinosteroids), ion chemicals (e.g, Ca 2+), and phytohormone-like aliphatic amine natural
compounds (e.g., polyamines) are the major PGRs that have received attentions in their roles in
promoting plant growth and stress tolerance (Ahmad et al., 2016; Julkowska and Testerink,
2015; ; Ma et al., 2016; Nazar et al., 2011; Qiu et al., 2014). Other chemicals such as calcium
and non-protein amino acid γ-aminobutyric acid (GABA) also play a role in regulating plant
salinity tolerance (Hu et al., 2016; Ziogas et al., 2017). It was reported that 6-benzyladenine (6BA), as a synthetic cytokinin, induced the salinity tolerance by minimizing the growth
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suppression and increasing the antioxidant activities and photosynthesis of eggplant (Solanum
melongena) (Wu et al., 2014). Application of 6-BA also promoted plant growth and suppressed
Na+ accumulation in perennial ryegrass under high salinity stress (Ma et al., 2016). Application
of CaCl2 diminished the negative effects of salinity on saltbush (Atriplex halimus) by
maintaining the growth rate and membrane permeability (Nedjimi and Daoud, 2009) and by
increasing antioxidant activity in mustard (Brassica nigra) leaves (Khan et al., 2012).
Application of ABA activated antioxidant metabolism and maintained membrane stability on
perennial ryegrass under salinity stress (Yang et al., 2012). Nitric oxide (NO) donor sodium
nitroprusside (SNP) treatment had the higher seed germination rate and higher growth rate in
lupin (Lupinus Luteus) (Kopyra and Gwóźdź, 2003) and increased antioxidant activity and
decreased membrane electrolyte leakage in mustard (Brassica nigra) leaves (Khan et al., 2012).
Salicylic acid (SA) had the positive effects on promoting the soluble carbohydrate accumulation
in tomato (Solanum lycopersicu) under salinity stress (Poór et al., 2011). Exogenous γaminobutyric acid (GABA) application promoted salinity tolerance of maize (Zea mays) by
decreasing the damage of membrane and increasing the proline and soluble carbohydrate content
(Ziogas et al., 2017). Collectively, exogenous application of various PGRs could enhance salinity
tolerance of the plants. Although effects of PGRs on salinity tolerance have been examined in
some plants species, how PGRs influence plant growth and physiology under salinity stress are
not well documented in perennial grasses.
Perennial ryegrass is a widely cultivated cool-season grass species in temperate regions
due to its high quality for forage and turf grass. Because of wide geographical distribution,
significant natural variations of salinity tolerance existed in the germplasm of this species (Tang
et al., 2013a, 2013b). Perennial ryegrass commercial cultivars have moderate salinity tolerance
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(Ali Harivandi et al., 1992), but responses of perennial ryegrass cutivars to PGR mediated
changes under salinity stress have not been well documented. To gain a further understanding of
PGRs effects on salinity tolerance of perennial ryegrass, we designed the experiment to examine
growth and physiological responses of four perennial ryegrass cultivars to various PGRs
application under two concentrations of salinity stress.
2.3 Materials and Methods
2.3.1 Plant growing conditions
Four cultivars of perennial ryegrass, Brightstar SLT, Inspire Catalina and SR4660ST, varying in
growth habit and salinity response, were used in the experiment. About 0.15 gram seeds were
sown in pots (7-cm diameter, 9-cm deep) containing sands on 7 April 2017 in a greenhouse.
Grasses were irrigated daily with a 50 mL half-strength Hoagland solution and cut weekly to 5
cm. The average temperatures in the greenhouse were 23 ± 2.5/17 ± 1.5ºC (day/night). The
photosynthetically active density was approximately 500 µmol·m−2·s−1, with 14-h natural and
artificial lights.
2.3.2 Salinity and PGR treatments.
Plants were grown in a greenhouse for 65 days before salinity stress was imposed. Plants
received the following four treatments: 1) spray with water; 2) spray with PGR, 3) spray with
water under salinity; and 4) spray with PGR under salinity. For the control, plants were watered
daily with 50 mL half-strength Hoagland solution to allow free drainage from the pots. Salinity
treatments were imposed by irrigating plants daily with Hoagland solution amended with 100 or
200 mM NaCl. Plants were previously exposed to gradually increasing NaCl concentration (25,
50, 75, 100, 150, 200 mM) until reaching the final concentration. After salinity stress reached the
final concentration, PGRs were sprayed every other day to the plants until 14 d when the
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treatments ended. The plants were cut to 5 cm before stress treatments were applied. Leaf tissue
was sprayed with 9 mL of 6-Benzyladenine (6-BA, 10 µM), abscisic acid (ABA, 10 µM), CaCl2,
γ-aminobutyric acid (GABA,500 µM), nitric oxide donor sodium nitroprusside (SNP, 200 µM),
salicylic acid (SA 50 µM), or jasmonic acid (JA, 50 µM) once a day for 3 days. This volume of
PGR allowed wetting shoot tissues while not draining into to the soil.
2.3.3 Measurements
Plant height (HT), leaf fresh weight (FW) and dry weight (DW), chlorophyll fluorescence
(Fv/Fm), and leaf Na+ and K+ concentration were measured as indicators of growth and
physiological responses to salinity and PGRs. Fv/Fm was measured on randomly selected leaves
in each pot at 11:00 pm using a fluorescence meter (OS-30P, OPTI-Sciences, Hudson, NH). HT
was measured from the soil surface to the top of the highest leaf blade. FW was measured by
weighing all leaves. DW was determined after tissues being drying in oven under 80°C for 3
days.
Tissue K+ and Na+ concentrationy described briefly, 50 mg fine powder of dry tissue was
mixed with 3 mL 18 M H2SO4 in a 50 mL digestion tube. The tubes were placed into a digestion
block at 200°C for 45 min. After tubes cooling, 3 mL 30% H2O2 was slowly added to each tube
and tubes were placed back to the block for 45 min until the mixture became totally transparent
and colorless. Distilled water was added to the extraction to 50 mL. A 2 mL aliquot of extraction
was taken and transferred to a new tube with distilled water being added to bring the final
volume to 15 mL. The Na+ and K+ concentrations were determined with the final diluted extract
using a plasma atomic emission spectrometer (ICP 9820; Shimadzu, Columbia, MD).
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2.3.4 Experimental design
Experimental design was a split plot design with the main plot, subplots, sub-subplot as salinity
stress, PGR, and cultivar, respectively. Each cultivar was randomly assigned within salinity and
PGR treatments. All treatments had three replications. The PROC MIXED model was used with
PGRs, salinity, and cultivars as fixed factors and replications as random factor for analysis using
SAS (version 9.4; SAS Institute, Cary, NC). Analyses were emphasized on PGR effects on all
measurements under salinity stress across four cultivars and for each individual cultivar. The
means of traits were separated using least significant difference at a significance level of 0.05.
2.4 Results
2.4.1 Growth, Fv/Fm and ion concentration to 100 mM NaCl and PGRs across cultivars
Across four cultivars without salinity stress, all PGRs did not alter HT, FW, DW, Fv/Fm, and
leaf K+ and Na+ concentrations except for a few exceptions (Table 2-1). For example, compared
with plants sprayed with water under non-salinity stress, ABA treated plants had higher DW,
CaCl2 treatment had lower K+, K+/Na+ and higher Na+, and SA treatment had higher Na+ and
lower K+/Na+, and SNP treated plants had higher FW and lower K+/Na+ (Table 2-1).
Salinity of 100 mM NaCl decreased the HT, FW and DW to 27%, 39%, and 31%,
respectively; but did not alter Fv/Fm, compared to the control (Table 2-1). Increased leaf Na+
concentration, deceased K+ concentration and K+/Na+ was also observed in four cultivars under
100 mM NaCl (Table 2-1). Compared to the plants sprayed with water under 100 mM NaCl,
application of ABA decreased both FW and DW, while application of CaCl2 resulted in lower
FW and K+ concentration. Leaf Na+ concentration was unaffected by the PGR treatments under
100 salinity stress, except for the GABA and SNP that caused lower Na+ (Table 2-1). Spray of
SA showed lower K+/Na+ than the plants treated with water under 100 Mm NaCl.
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2.4.2 Growth, Fv/Fm and ion concentration to 200 mM NaCl and PGRs across cultivars
Lower values of HT, FW, DW, Fv/Fm, K+, and K+/Na+, and higher Na+ levels were found in
plants grown under 200 mM NaCl, related to control without salinity stress (Table 2-2).
Exogenous application of PGRs did not affect the HT, except for 6-BA treated plants that had 1.3
fold higher of HT, compared to the plants treated with water (Table 2-2). Application of 6-BA,
CaCl2, GABA, JA and SNP increased FW to 62%, 31%, 30%, 30% and 33% under 200 mM
NaCl, respectively; compared to the plant sprayed with water, while application of 6-BA, CaCl2,
GABA and SNP increased DW (Table 2-2). Among all PGR treatments under 200 mM NaCl, 6BA application had the highest value of HT, FW and DW than the other PGRs treatments (Table
2-2).
Application of 6-BA, ABA, CaCl2 GABA, SA and SNP maintained the relatively higher
Fv/Fm values than that water application under 200 mM NaCl (Table 2-2). Application of 6-BA,
ABA, GABA, and SNP had 14%, 13%, 10% and 10% higher K+ concentration under 200 mM
NaCl, compared to the plants treated with water, while application of 6-BA, CaCl2, GABA, JA,
SA, and SNP resulted in 20%, 26%, 28%, 21%, 23% and 26% lower Na+, respectively (Table 22). PGRs did not change K+/Na+ under 200 mm NaCl
2.4.3 Individual cultivars in response to 200 mM NaCl and PGRs
Four cultivars of Brightstar SLT, Inspire and Catalina, SR4660ST sprayed with all PGRs did not
alter DW under non-stress condition, compared to the plants sprayed with water (Figure 2-1).
Under 200 mM NaCl, DW increased 79%, 105%, 72% and 51% for Brightstar SLT, Inspire,
Catalina and SR4660ST sprayed with 6-BA, respectively, compared to the plants sprayed with
water. Also Brightstar SLT sprayed with CaCl2 and SNP and Inpsire sprayed with SNP showed

36
higher DW than those sprayed with water (Figure 2-1). Other PGRs had no effects on DW under
200 mM NaCl.
Fv/Fm remained unchanged by the PGRs application under non-salinity stress for four
cultivars, compared to the plants sprayed with water. Increased Fv/Fm was observed in all four
cultivars treated by GABA under 200 mM NaCl (Figure 2-2). Application of 6-BA, ABA, CaCl2,
JA, SA and SNP maintained the higher Fv/Fm in Brightstar SLT, Inspire and Catalina, compared
to the plants sprayed with water under salinity stress (Figure 2-2).
Application of 6-BA had 27%, and 19% lower Na+ in Brightstar SLT and SR4660ST
under salinity stress, compared the plants spray with water (Figure 2-3). ABA did not alter the
Na+ concentration for all four cultivars (Figure 2-3.). Spray of CaCl2 decreased 40%, 30% and
24% of Na+ absorption in Brightstar SLT, Inspire and Catalina under salinity stress, repressively,
compared with the plant sprayed with water (Figure 2-3). Application of GABA had 32%, 37%
and 28% lower Na+ reduction in Brightstar SLT, Inspire and SR4660ST, respectively (Figure 23.). No alteration of Na+ was observed in the JA treated plants for all cultivars under salinity
stress (Figure 2-3). Brightstar SLT and Inspire sprayed with SA had reduced Na+ under salinity
stress, but such effects were not found in the plants treated with Catalina and SR4660ST (Figure
2-3.). There were about 27%, 31%, 26% and 16% decreases in Na+ were found in SNP
treatments on Brightstar SLT, Inspire, Catalina and SR4660ST under salinity stress, respectively;
compared with the plants sprayed with water (Figure 2-3).
Concentration of K+ was 16% and 11% higher in BrightStar SLT and Inspire sprayed
with 6-BA under 200 mM NaCl, compared to the plants sprayed with water (Figure 2-4.).
Catalina treated with ABA had 22% increase in K+, while SR4660ST sprayed with GABA had
16% higher K+, compared to the plants sprayed with water under salinity stress (Figure 2-4).
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Exogenous application of CaCl2, JA, SA and SNP did not influence the K+ concentration for all
four cultivars under salinity stress (Figure 2-4).
2.5 Discussion
Perennial ryegrass exposed to salinity stress showed reductions in plant elongation rate and dry
weight (Song et al., 2017; Yin et al., 2017). Our results in four cultivars supported their
conclusions. Fv/Fm is a major indicator for phytochemical efficiency of Photosystem II, and
declines in Fv/Fm reduction were observed in perennial ryegrass under 150 mM NaCl or above
(Tang et al., 2013a). In this study, Fv/Fm had no change under 100 mM but decreased under 200
mM, suggesting that low level of salinity stress had little inhibition of the photochemical
efficiency. It may also indicate that the growth inhibition caused by low salinity stress (e.g., 100
mM NaCl) could be due to ion accumulation, but not photosynthesis. However, high salinity
stress (e.g., 200 mM NaCl) causing further inhibition of growth could be due to a combination of
impaired photosynthesis system and accumulation of Na+. The Na+ and K+ concentrations are
important traits associated with salinity tolerance in many plants (Hauser and Horie, 2010; Song
et al., 2017). Plant tolerance to osmotic stress and Na+ toxicity ultimately determines the overall
plant response to salinity stress (Munns and Tester, 2008). Our results were consistent with these
observations.
6-BA is a synthetic compound of cytokinin that plays multiple biological roles in plant
growth and development similar to naturally occurring cytokinins (Choi and Hwang, 2007).
Exogenous application of 10 μM 6-BA increased DW in four cultivars under 200 mM NaCl.
Application of this concentration of 6-BA uniformly reduced growth inhibition by 90 mM NaCl
in two eggplant genotypes (Wu et al., 2014). Moreover, the positive effects of 6-BA (25 µM)
was also found in perennial ryegrass cultivar Pinnacle by maintaining leaf elongation rate at 14-,
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21- and 28-d of 250 mM NaCl (Ma et al., 2016). The results indicated that 6-BA strongly
promoted plant growth under low and high salinity. In addition, 6-BA also improved
physiological activities under salinity stress. For example, 6-BA application maintained Fv/Fm
and reduced Na+ in Brightstar SLT and Inspire. Similar results were observed in the cultivar
Pinnacle exposed to longer period of stress and higher NaCl concentration (Ma et al., 2016).
Physiological responses of Catalina and SR4660ST to 6-BA application were not as pronounced
as Brightstar SLT and Inspire, suggesting that variation existed in perennial ryegrass cultivars to
6-BA application under salinity stress. Overall, foliar spray of 6-BA showed strong and positive
effects on ameliorating salinity tolerance in perennial ryegrass.
GABA is a non-protein amino acid and functions in pollen tube migration in Arabidopsis
(Yu et al., 2014). In plants, GABA is a ubiquitous molecule that largely responds to a wide range
of environmental stimuli (Akçay et al., 2012; Renault et al., 2011). Exogenous application of
GABA (100 µM) reduced the damage of membrane and increased proline and soluble
carbohydrate contents in maize seeding exposed to150 mM NaCl (Ziogas et al., 2017). In
creeping bentgrass (Agrostis stolonifera), application of GABA exhibited the relatively higher
chlorophyll content, Fm/Fm and photosynthesis rate under 21-, 28- and 35-d of heat stress (Li et
al., 2016). It is interesting to point out that the higher Fv/Fm was found in all four GABA treated
perennial ryegrass cultivars under 200 mM NaCl, compared with the plants spayed with water.
Together with results found in other studies, it appeared that application of GABA contributed to
photosynthetic activities under salinity stress. GABA treated creeping bentgrass also had
significantly less electrolyte leakage under heat stress (Li et al., 2016). Electrolyte leakage is the
parameter to measure the damage of cell membrane, which could be related to Na+ toxic effects
on membrane. Lower Na+ was found in GABA treated Brightstar SLT, Inspire and SR4660ST
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under salinity could partially support the positive effects of GABA on membrane protection
during the stress.
Nitric oxide is a signaling molecule showing diverse biological functions in plants (Shi et
al., 2011). Many biotic and abiotic stresses stimulate NO biosynthesis (Mandal et al., 2012; Zhao
et al., 2009). NO donor sodium nitroprusside (SNP) is widely used form as external application
of NO to the plants. The lowered levels of Na+ concentration in all four cultivars under 200 mM
NaCl stress suggested a positive role of SNP in controlling Na+ accumulation. The reduction of
Na+ accumulation might be partially due to SNP triggered the plasms membrane H+-ATPase
activity to decrease the Na+ and increase the K+, which was discovered in two ecotypes of reed
(Phragmites communis) under 200 mM NaCl (Zhao et al., 2004). We also found that spray of
SNP led to higher photochemical efficiency in three cultivars of Brightstar SLT, Inspire and
Catalina. Less reductions of leaf and root DW and chlorophyll content and lower electrolyte
leakage were note in maize seeding irrigated with 100 mM NaCl solution amended with SNP
(Zhang et al., 2006). The results indicated that SNP plays a positive role in maintaining growth,
cell membrane integrity, and function of the photosynthetic system.
Application of other PGRs showed some improvements of plant growth and physiology
under salinity stress, but the results varied with individual cultivar. Lower Na+ concentration
observed in Ca2+ treated Brightstar SLT, Inspire and Catalina and higher Fv/Fm values found in
Inspire and Catalina indicated the positive effects of Ca2+ on salinity tolerance. Maintaining the
high level of Ca2+ concentration could contribute to plant’s capacity for nutrient uptake and
transport under saline conditions (Fageria et al., 2011). Perennial ryegrass had better turf quality
when irrigated with Ca(NO3)2•4H2O solution compared without Ca+ added in irrigation (Hu et
al., 2016). The results supported our observations. JA treated plants had lower Na+ levels in all
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four perennial ryegrass cultivars, which was consistent with results found in rice (Kang et al.,
2005). Higher Fv/Fm in JA treated Brightstar SLT and Inspire showed that JA application
maintained photochemical efficiency in some perennial ryegrass cultivars. For the mungbean
(Vigna radiate), spray of SA ameliorated photosynthesis and improved yield in mungbean under
salinity stress (Nazar et al., 2011). Higher Fv/Fm in SA treated Brightstar SLT, Insipre and
Catalina and lower Na+ levels in JA-treated Brightstar SLT and Insipre were partially consistent
with the results mentioned above.
2.6 Conclusion
Salinity stress significantly impaired the perennial ryegrass growth, decreased K+ and enhanced
Na+ accumulation in four perennial ryegrass cultivars. PGR effects on salinity tolerance were not
obvious under 100 mM NaCl. Various PGRs, especially 6-BA, GABA and SNP, improved
growth and physiological activity under 200 mM NaCl, but such responses varied with
individual cultivars and parameters. Brightstar SLT and Inspire positively responded to all PGRs,
followed by Catalina, but SR4660ST was the least responding cultivar to PGRs under salinity
stress.
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Table 2-1: Effects of plant growth regulators (PGRs) on plant height (HT), fresh weight (FW), dry weight (DW), chlorophyll
fluorescence (Fv/Fm), leaf K+ concentration (K+), leaf Na+ concentration (Na+) and leaf K+/ Na+ ratio under 14 d of non-salinity
control and 100 mM NaCl stress.
PGRs
6-BA

Control

Salt
ABA

Control
Salt

CaCl2

Control
Salt

GABA

Control
Salt

JA

Control

Salt

Spray

HT (cm)

FW (g)

DW (g)

Fv/Fm

K+ (mg g-1)

Na+ (mg g-1)

K+/Na+

Water

6.63 ± 1.41 az

3.46 ± 0.41 a

0.76 ± 0.09 a

0.82 ± 0.01 a

31.1 ± 3.67 a

1.56 ± 0.71 b

25.5 ± 14.0 a

6-BA

6.38 ± 1.27 a

3.40 ± 0.58 a

0.77 ± 0.15 a

0.82 ± 0.01 a

29.8 ± 3.05 a

1.47 ± 0.57 b

23.1 ± 8.64 a

Water

4.82 ± 1.10 b

2.11 ± 0.69 b

0.52 ± 0.14 b

0.82 ± 0.01 a

21.7 ± 2.30 b

12.5 ± 1.90 a

1.79 ± 0.40 b

6-BA

4.26 ± 1.67 b

2.20 ± 0.40 b

0.58 ± 0.09 b

0.82 ± 0.01 a

22.0 ± 2.97 b

12.6 ± 3.03 a

1.80 ± 0.41 b

Water

6.63 ± 1.41 a

3.46 ± 0.41 b

0.76 ± 0.09 b

0.82 ± 0.01 a

31.1 ± 3.67 a

1.56 ± 0.71 b

25.5 ± 14.0 a

ABA

6.80 ± 1.44 a

4.05 ± 0.27 a

0.84 ± 0.10 a

0.83 ± 0.01 a

31.9 ± 2.88 a

2.02 ± 1.31 b

23.3 ± 13.1 a

Water

4.82 ± 1.10 b

2.11 ± 0.69 c

0.52 ± 0.14 c

0.82 ± 0.01 a

21.7 ± 2.30 b

12.5 ± 1.90 a

1.79 ± 0.40 b

ABA

3.93 ± 1.31 b

1.74 ± 0.30 d

0.43 ± 0.07 d

0.82 ± 0.01 a

22.8 ± 1.64 b

12.2 ± 2.22 a

1.94 ± 0.38 b

Water

6.63 ± 1.41 a

3.46 ± 0.41 a

0.76 ± 0.09 a

0.82 ± 0.01 a

31.1 ± 3.67 a

1.56 ± 0.71 c

25.5 ± 14.0 a

CaCl2

6.70 ± 1.11 a

3.46 ± 0.45 a

0.79 ± 0.08 a

0.82 ± 0.02 a

29.3 ± 1.80 b

2.73 ± 1.04 b

12.5 ± 6.40 b

Water

4.82 ± 1.10 b

2.11 ± 0.69 b

0.52 ± 0.14 b

0.82 ± 0.01 a

21.7 ± 2.30 b

12.5 ± 1.90 a

1.79 ± 0.40 c

CaCl2

4.61 ± 1.16 b

1.72 ± 0.21 c

0.46 ± 0.07 b

0.82 ± 0.01 a

20.7 ± 3.39 c

12.6 ± 2.84 a

1.71 ± 0.41 c

Water

6.63 ± 1.41 a

3.46 ± 0.41 a

0.76 ± 0.09 a

0.82 ± 0.01 a

31.1 ± 3.67 a

1.56 ± 0.71 c

25.5 ± 14.0 a

GABA

6.70 ± 1.65 a

3.52 ± 0.43 a

0.79 ± 0.09 a

0.82 ± 0.01 a

30.9 ± 2.38 a

1.86 ± 0.83 c

20.3 ± 9.77 a

Water

4.82 ± 1.10 b

2.11 ± 0.69 b

0.52 ± 0.14 b

0.82 ± 0.01 a

21.7 ± 2.30 b

12.5 ± 1.90 a

1.79 ± 0.40 b

GABA

5.38 ± 1.35 b

2.07 ± 0.46 b

0.52 ± 0.10 b

0.82 ± 0.01 a

23.1 ± 3.11 b

10.0 ± 3.15 b

3.82 ± 0.65 b

Water

6.63 ± 1.41 a

3.46 ± 0.41 a

0.76 ± 0.09 a

0.82 ± 0.01 a

31.1 ± 3.67 a

1.56 ± 0.71 b

25.5 ± 14.0 a

JA

6.42 ± 1.40 b

3.27 ± 0.64 a

0.72 ± 0.13 a

0.82 ± 0.01 a

30.9 ± 2.38 a

1.74 ± 0.83 b

21.6 ± 10.7 a

Water

4.82 ± 1.10 b

2.11 ± 0.69 b

0.52 ± 0.14 b

0.82 ± 0.01 a

21.7 ± 2.30 b

12.5 ± 1.90 a

1.79 ± 0.40 b
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SA

Control
Salt

SNP

Control
Salt

JA

3.73 ± 1.14 b

1.71 ± 0.29 b

0.44 ± 0.07 b

0.82 ± 0.01 a

21.4±2.28 b

12.4 ± 3.27 a

1.84 ± 0.53 b

Water

6.63 ± 1.41 a

3.46 ± 0.41 a

0.76 ± 0.09 a

0.82 ± 0.01 a

31.1 ± 3.67 a

1.56 ± 0.71 c

25.5 ± 14.0 a

SA

7.58 ± 1.54 a

3.69 ± 0.73 a

0.78 ± 0.19 a

0.82 ± 0.01 a

28.3 ± 3.96 a

3.15 ± 1.68 b

13.6 ± 7.33 b

Water

4.82 ± 1.10 b

2.11 ± 0.69 b

0.52 ± 0.14 b

0.82 ±0 .01 a

21.7 ± 2.30 b

12.5 ± 1.90 a

1.79 ± 0.40 b

SA

3.92 ± 0.75 b

1.82 ± 0.29 b

0.47 ± 0.06 b

0.82 ± 0.01 a

20.5 ± 2.01 b

12.9 ± 1.88 a

1.64 ± 0.33 c

Water

6.63 ± 1.41 a

3.46 ± 0.41 b

0.76 ± 0.09 a

0.82 ± 0.01 a

31.1 ± 3.67 a

1.56 ± 0.71 c

25.5 ± 14.0 a

SNP

6.83 ± 1.58 a

3.88 ± 0.34 a

0.83 ± 0.07 a

0.82 ± 0.11 a

30.2 ± 2.36 a

2.18 ± 0.78 c

15.1 ± 4.52 b

Water

4.82 ± 1.10 b

2.11 ± 0.69 c

0.52 ± 0.14 b

0.82 ± 0.01 a

21.7 ± 2.30 b

12.5 ± 1.90 a

1.79 ± 0.40 c

SNP

4.77 ± 1.06 b

1.89 ± 0.24 c

0.50 ± 0.12 b

0.82 ± 0.01 a

21.2 ± 2.32 b

11.1 ± 2.31 b

2.00 ± 0.50 c

6-BA, 6-Benzyladenine (10 µM); ABA, abscisic acid (10 µM); CaCl2, calcium chloride (10 mM); GABA, γ -aminobutyric acid (500
µM); JA, jasmonic acid (50 µM); SA, salicylic acid (50 µM), and SNP, nitric oxide donor sodium nitroprusside (200 µM),
Z

Means followed by the same letter within a column for a given day are not significantly different at P < 0.05.
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Table 2-2: Effects of plant growth regulators (PGRs) on plant height (HT), fresh weight (FW), dry weight (DW), chlorophyll
fluorescence (Fv/Fm), leaf K+ concentration (K+), leaf Na+ concentration (Na+) and leaf the ratio of K+/Na+ ratio under 14 d of nonsalinity control and under 200 mM NaCl stress.
PGRs
6-BA

Control
Salt

ABA

Control
Salt

CaCl2

Control
Salt

GABA

Control
Salt

JA

Control
Salt

Spray

HT (cm)

FW (g)

DW (g)

Fv/Fm

K+ (mg g-1)

Na+ (mg g-1)

K+/Na+

Water

6.63 ± 1.41 az

3.46 ± 0.41 a

0.76 ± 0.09 ab

0.82 ± 0.01 a

31.1 ± 3.67 a

1.56 ± 0.71 c

25.5 ± 14.0 a

6-BA

6.38 ± 1.27 a

3.40 ± 0.58 a

0.77 ± 0.15 a

0.82 ± 0.01 a

29.8 ± 3.05 a

1.46 ± 0.57 c

23.1 ± 8.64 a

Water

3.08 ± 1.00 c

0.86 ± 0.13 b

0.23 ± 0.05 c

0.78 ± 0.03 c

18.7 ± 1.34 c

24.7 ± 2.85 a

0.76 ± 0.11 b

6-BA

3.94 ± 1.06 b

1.40 ± 0.22 c

0.38 ± 0.05 b

0.80 ± 0.02b

21.5 ± 1.98 b

19.8 ± 4.50 b

1.15 ± 0.31 b

Water

6.63 ± 1.41 a

3.46 ± 0.41 b

0.76 ± 0.09 b

0.82± 0.01 ab

30.2 ± 3.67 a

1.56 ± 0.71 b

25.5 ± 14.0 a

ABA

6.80 ± 1.44 a

4.05 ± 0.27 a

0.84 ± 0.10a

0.83± 0.01 a

31.9 ± 2.88 a

2.02 ± 1.31 b

23.3 ± 13.1 a

Water

3.08 ± 1.00 b

0.86 ± 0.13 c

0.23 ± 0.05 c

0.78 ± 0.03 c

18.7 ± 1.34 c

24.7 ± 2.85 a

0.76 ± 0.11 b

ABA

2.31 ± 1.1 b

1.04 ± 0.30 c

0.28 ± 0.06 c

0.81 ± 0.01 b

21.2 ± 1.75 b

22.9 ± 3.69 a

0.95 ± 0.18 ab

Water

6.63 ± 1.41 a

3.46 ± 0.41 a

0.76 ± 0.09 a

0.82 ± 0.01 a

31.1 ± 3.67 a

1.56 ± 0.71 c

25.5 ± 14.0 a

CaCl2

6.70 ± 1.11 a

3.46 ± 0.45 a

0.79 ± 0.08 a

0.82 ± 0.02 a

29.3 ± 1.80 a

2.73 ± 1.04 c

12.5 ± 6.40 b

Water

3.08 ± 1.00 b

0.86 ± 0.13 c

0.23 ± 0.05 c

0.78 ± 0.03 b

18.7 ± 1.34 b

24.7 ± 2.85 a

0.76 ± 0.11 c

CaCl2

2.70 ± 0.84 b

1.13 ± 0.32 b

0.32 ± 0.08 b

0.81 ± 0.01 a

19.8 ± 1.66 b

18.2 ± 3.82 b

1.14 ± 0.31 c

Water

6.63 ± 1.41 a

3.46 ± 0.41 a

0.76 ± 0.09 a

0.82 ± 0.01 a

31.1 ± 3.67 a

1.56 ± 0.71 c

25.5 ± 14.0 a

GABA

6.70 ± 1.65 a

3.52 ± 0.43 a

0.79 ± 0.09 a

0.82 ± 0.01 a

30.9 ± 2.38 a

1.86 ± 0.83 c

20.3 ± 9.77 a

Water

3.08 ± 1.00 b

0.86 ± 0.13 c

0.23 ± 0.05 c

0.78 ± 0.03 b

18.7 ± 1.34 c

24.7 ± 2.85 a

0.76 ± 0.11 b

GABA

3.26 ± 1.04 b

1.12 ± 0.30 b

0.29 ± 0.07 b

0.81 ± 0.02 a

20.7 ± 1.91 b

17.7±3.78 b

1.22 ± 0.30 b

Water

6.63 ± 1.41 a

3.46 ± 0.41 a

0.76 ± 0.09 a

0.82 ± 0.01 a

31.1 ± 3.67 a

1.56 ± 0.71 c

25.5 ± 14.0 a

JA

6.42 ± 1.40 a

3.27 ± 0.64 a

0.72 ± 0.13 a

0.82 ± 0.01 a

30.9 ± 2.38 a

1.74 ± 0.83 c

21.6 ± 10.7 a

Water

3.09 ± 1.00 b

0.86 ± 0.13 b

0.23 ± 0.05 b

0.78 ± 0.03 b

18.7 ± 1.34 b

24.7 ± 2.85 a

0.76 ± 0.11 b
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SA

Control
Salt

SNP

Control
Salt

JA

2.87 ± 0.72 b

1.11 ± 0.31 b

0.30 ± 0.08 b

0.81 ± 0.02 a

20.0 ± 1.67 b

19.4 ± 2.66 b

1.05 ± 0.18 b

Water

6.63 ± 1.41 a

3.46 ± 0.41 a

0.76 ± 0.09 a

0.82 ± 0.01 a

31.1 ± 3.67 a

1.56 ± 0.71 c

25.5 ± 14.0 a

SA

7.58 ± 1.54 a

3.69 ± 0.73 a

0.78 ± 0.19 a

0.82 ± 0.01 a

28.3 ± 3.96 a

3.15 ± 1.68 c

13.6 ± 7.33 b

Water

3.09 ± 1.00 b

0.86 ± 0.13 b

0.23 ± 0.05 b

0.78 ± 0.03 b

18.7 ± 1.34 b

24.7 ± 2.85 a

0.76 ± 0.11 c

SA

3.54 ± 1.54 b

1.00 ± 0.22 b

0.29 ± 0.07 b

0.81 ± 0.01 b

19.9 ± 1.57 b

18.9 ± 2.86 b

1.09 ± 0.24 c

Water

6.63 ± 1.41 a

3.46 ± 0.41 b

0.76 ± 0.09 b

0.82 ± 0.01 a

31.1 ± 3.67 a

1.56 ± 0.71 c

25.5 ± 14.0 a

SNP

6.83 ± 1.58 a

3.88 ± 0.34 a

0.83 ± 0.07a

0.82 ± 0.01 a

30.2 ± 2.36 a

2.18 ± 0.78 c

15.1 ± 4.52 b

Water

3.08 ± 1.00 b

0.86 ± 0.13 d

0.23 ± 0.05 d

0.78 ± 0.03 b

18.7 ± 1.34 c

24.7 ± 2.85 a

0.76 ± 0.11 c

SNP

3.47 ± 1.07 b

1.15 ± 0.20 c

0.31 ± 0.04 c

0.81 ± 0.01 a

20.5 ± 1.48 b

18.3 ± 3.28 b

1.16 ± 0.24 c

6-BA, 6-Benzyladenine (10 µM); ABA, abscisic acid (10 µM); CaCl2, calcium chloride (10 mM); GABA, γ -aminobutyric acid (500
µM); JA, jasmonic acid (50 µM); SA, salicylic acid (50 µM), and SNP, nitric oxide donor sodium nitroprusside (200 µM),
Z

Means followed by the same letter within a column for a given day are not significantly different at P < 0.05.
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Figure 2-1: Leaf dry weight (DW) of Brightstar SLT, Inspire, Catalina and SR46660ST as
affected by 14 d of non-salinity (C), non-salinity with PGR (C-PGR), 200 mM NaCl (S), salinity
with PGR (S-PGR). Means followed by the same letter within four treatments for a given
cultivar are not significantly different at P < 0.05. Bars indicate standard deviation.
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6-BA, 6-Benzyladenine (10 µM); ABA, abscisic acid (10 µM); CaCl2, calcium chloride (10
mM); GABA, γ-aminobutyric acid (500 µM); JA, jasmonic acid (50 µM); SA, salicylic acid (50
µM) and SNP, nitric oxide donor sodium nitroprusside (200 µM).
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Figure 2-2: The chlorophyll fluorescence (Fv/Fm) of Brightstar SLT, Inspire, Catalina and
SR46660ST as affected by 14 d of non-salinity (C), non-salinity with PGR (C-PGR), 200 mM
NaCl (S), salinity with PGR (S-PGR). Means followed by the same letter within four treatments
for a given cultivar are not significantly different at P < 0.05. Bars indicate standard deviation.
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6-BA, 6-Benzyladenine (10 µM); ABA, abscisic acid (10 µM); CaCl2, calcium chloride (10
mM); GABA, γ-aminobutyric acid (500 µM); JA, jasmonic acid (50 µM); SA, salicylic acid (50
µM) and SNP, nitric oxide donor sodium nitroprusside (200 µM).
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Figure 2-3: The leaf Na+ concentration (Na+) of Brightstar SLT, Inspire, Catalina and
SR46660ST as affected by 14 d of non-salinity (C), non-salinity with PGR (C-PGR), 200 mM
NaCl (S), salinity with PGR (S-PGR). Means followed by the same letter within four treatments
for a given cultivar are not significantly different at P < 0.05. Bars indicate standard deviation.
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6-BA, 6-Benzyladenine (10 µM); ABA, abscisic acid (10 µM); CaCl2, calcium chloride (10
mM); GABA, γ-aminobutyric acid (500 µM); JA, jasmonic acid (50 µM); SA, salicylic acid (50
µM) and SNP, nitric oxide donor sodium nitroprusside (200 µM).
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6-BA, 6-Benzyladenine (10 µM); ABA, abscisic acid (10 µM); CaCl2, calcium chloride (10
mM); GABA, γ-aminobutyric acid (500 µM); JA, jasmonic acid (50 µM); SA, salicylic acid (50
µM) and SNP, nitric oxide donor sodium nitroprusside (200 µM).
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CHAPTER 3: EFFECTS OF 6-BENZYLADENINE, γ-AMINOBUTYRIC
ACID, AND NITRIC OXIDE ON ANTIOXIDANT RESPONSES OF
PERENNIAL RYEGRASS UNDER SALINITY STRESS

3.1 Abstract
Salinity stress induces oxidative injury. Plant growth regulators may reduce the adverse effects
of salinity stress on the plants. The study was designed to examine effects of 6-benzyladenine (6BA), γ-aminobutyric (GABA) and nitric oxide donor sodium nitroprusside (SNP) on growth and
physiology of perennial ryegrass under salinity stress. Two cultivars of Brightstar SLT and
SR4660ST were sprayed with 6-BA (10 µM), GABA (500 µM), and SNP (200 µM) for 3 d prior
to salinity stress and then every other day under 200 mM NaCl for 14 d in greenhouse.
Compared to non-stressed control plants, salinity stress increased total soluble protein (TSP) and
decreased superoxide dismutase (SOD), catalase (CAT) and peroxidase (POD) activities.
Application of 6-BA increased activities of CAT and POD but decreased TSP in both cultivars,
while application of SNP had higher CAT activity in both cultivars and decreased POD activity
in SR4600ST under salinity stress, compared to the plants sprayed with water. No effects of
GABA application on antioxidant activity were found under salinity stress. The results indicated
that 6-BA and SNP enhanced salinity tolerance could be associated with maintenance of CAT
and POD activity for potentially reducing celluar damage caused by salinity stress.
3.2 Introduction
Antioxidant metabolism is one of metabolic processes for plant responses to salinity stress. The
production of reactive oxygen species (ROS) such as superoxide (O2-), hydrogen peroxide
(H2O2) and hydroxyl (OH-) can be induced by abiotic stress including salinity stress, which
causes damages to the plant cell (Choudhury et al., 2013). Plant have evolved enzymatic systems
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to scavenge, decompose and remove ROS. Superoxide dismutase (SOD) scavenges O2- to H2O2
and O2-, while accumulation of H2O2 can be decomposed by several other enzymes such as
peroxidase (POD), catalase (CAT), ascorbate peroxidase (APX), and glutathione reductase (GR).
These antioxidant defense systems may work coordinately in removing or suppressing ROS
toxicity under salinity stress. .
Antioxidant activities in response to sainity stress have been exytensily studied in plant
species, but the results are often not consistent. An enhanced acitvity of SOD and decreaed
activity of CAT and POD were found in perennial ryegrss under 170 mM NaCl (Hu et al.,
2011a), but the salinity tolerant genotype of chickpea (Cicer arietinum) showed the increased
activities of SOD, APX, GR, and CAT when exposed to salinity stress (Rasool et al., 2013). The
reduced SOD and CAT and increased POD and APX activities were also noted in sea plantain
(Plantago maritima) exposed to 200 mM NaCl (Sekmen et al., 2007). With increase in
electrolyte leakage and H2O2 levels under salinity stress, perennial ryegrass had the greater
activity of SOD, POD, and APX at 4 d harvest but had lower levels of enzyme activities at 8 and
12 d, compared to the non-stress control (Hu et al., 2012). After 20 d of salinity treatment,
seashore paspalum (Paspalum vaginatum) had higher accumulation of POD and APX than
centipedegrass (Eremochloa ophiuroides), indicating a better salinity tolerance of seashore
paspalum (Liu et al., 2012).
Plant growth regulators (PGRs) may ameliorate the adverse effects of salinity stress on
the plants. Cytokinins simulate shoots initiation and growth (Haberer and Kieber, 2002). As a
synthetic cytokinin, 6-benzyladenine (6-BA) is widely used cytokinins for application to reduce
salinity stress. It was reported that exogenous application of 6-BA improved the antioxidant
activity and reduced the malondialdehyde (MDA) and O2- content in eggplant (Solanum
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melongena) (Wu et al., 2014) and in perennial ryegrass (Ma et al., 2016). Nitic oxide is a
signaling molecule showing diverse biological functions in plants (Shi et al., 2011). Many biotic
and abiotic stresses stimulate NO biosynthesis (Mandal et al., 2012; Zhao et al., 2009).
Application of NO mitigated salinity injury by regulating levels of osmolytes and antioxidant
enzyme activity in chickpea (Cicer arietinum) (Ahmad et al., 2016). Exogenous nitric oxide
donor SNP also improved wheat (Triticum Aestivum) salinity tolerance by reducing oxidative
damage (Zheng et al., 2009). In plants, GABA is a ubiquitous molecule in response to a wide
range of environmental stimuli (Renault et al., 2011). Exogenous GABA application reduced O2production and SOD activity but increased POD activity, thus improving heat tolerance of
creeping bentgrass (Agrostis stolonifera) (Li et al., 2016). Although application of PGRs such as
6-BA, GABA and SNP can improve stress tolerance of the plants, their effects on antioxidant
metabolism associated with salinity tolerance have not been well examined in perennial grass
species.
Perennial ryegrass is a widely used cool-season turf and forage grass species in the
temperate region worldwide. Effective management of perennial ryegrass grown on the saltaffected sites requires a knowledge of plant response to salinity stress. Given that PGRs have
positive effects on salinity tolerance, it is necessary to evaluate their effects on metabolic
changes of perennial grass species under salinity stress. To dates, little is known about how
application of PGRs influences antioxidant metabolism in perennial ryegrass subjected to salinity
stress. Thus, we deigned the experiment to explore effects of 6-BA, GABA, and SNP on activity
of antioxidant enzyme activity and level of lipid peroxidation in perennial ryegrass cultivars
under salinity stress. The results would reveal mechanisms of PGRs on salinity tolerance.
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3.3 Materials and Methods
3.3.1 Plant materials and growing conditions
Two cultivars of perennial ryegrass, Brightstar SLT and SR4660ST, varying in growth habit and
salinity responses were used in the experiment. About 0.15 gram seeds were sown in pots (4-cm
wider, 9-cm deep) containing sands on 7 April 2017 in greenhouse. Grasses were watered every
day with a 50 mL half-strength Hoagland solution and mowed weekly to 5 cm. The average
temperatures in the greenhouse were 23 ± 2.5/17 ± 1.5ºC (day/night). The photosynthetically
active radiation was approximately 500 µmol·m−2·s−1, with a 14-h natural and artificial lights.
3.3.2 Salinity and PGR treatments.
Plants were grown in a greenhouse for 65 days before salinity was imposed. Plants were cut to 5
cm before initiation of stress. Meanwhile, plants were sprayed with 9 mL of 6-benzyladenine (6BA, 10 µM), γ-aminobutyric (GABA, 500 µM) and nitric oxide donor sodium nitroprusside
(SNP, 200 µM) on grasses leaves once a day for 3 days, respectively. This volume of PGR
allowed wetting shoot tissues while not draining down to the soil. Stress treatments were
initiated on 12 June 2017. The plants were exposed to the following four treatments: 1) spray
with water; 2) spray with PGR, 3) spray with water under salinity; and 4) spray with PGR under
salinity. For the control, plants were watered daily with 50 mL half-strength Hoagland solution
to allow free drainage occurring at the bottom of the pots. Salinity treatment was imposed by
irrigating plants daily with Hoagland solution amended with 200 mM NaCl. Plants were
previously exposed to gradually increasing NaCl concentration (25, 50, 75, 100, 150, 200 mM)
until reaching the target concentration. After salinity stress reached the final concentration, PGRs
were sprayed every other day to the plants until 14 d when the treatments ended.
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3.3.3 Measurements
Shoots and roots were collected at 14 d of treatments and frozen and stored at -80 ºC until further
use. For extraction of soluble protein, Approximately 50 mg shoot or 100 mg root powder was
mixed with 1 mL of extraction buffer containing 50 mM potassium phosphate, 1 mM
ethylenediaminetetraacetic acid (EDTA), 1% polyvinylpyrrolidone (PVP), with a pH of 7.8.
After centrifuging at 15,000 × g for 30 min at 4 °C, the supernatant was collected for enzyme
assay. The protein content was determined using the method of Bradford (1976).
The activities of SOD, CAT, POD and APX were assayed by using the methods of Zhang
and Kirkham (1996) with minor modifications (Wang and Jiang, 2007). The activity of SOD
assay media contained 50 mM phosphate buffer ( pH = 7.8), 75 µM nitroblue tetrazolium
chloride (NBT), 13 mM methionine, 2 µM riboflavin, 0.1 mM EDTA and 20 to 50 mL enzyme
extract. One unit of enzyme activity was determined as the amount of enzyme that reached 50%
NBT reduction rate by monitoring absorbance at 560 nm with a spectrophotometer (Spectronic
Instrument, Inc., Rochester, NY). CAT activity was measured as a decrease in absorbance of
decomposition of H2O2 at 240 nm for 1 minute. The assay contained 50 mM phosphate buffer
(pH 7.0), 15 mM H2O2 and 0.1 mL enzyme extract. The reaction mixture for POD contained
0.27 mM H2O2, 0.33 mM guaiacol, and 10 mM phosphate buffer (PH 7.0). The increase of
guaiacol was measured by the increase in absorbance at 470 nm.
Lipid peroxidation was measured in terms of malondialdehyde (MDA) content the
product of lipid peroxidation (Dhindsa et al., 1981), with some modifications. A 200 µL
supernatant was mixed with 1 mL of 20% (v/v) trichloroacteic acid containing 0.5% (v/v)
thiobarbituric acid. The mixture was heated in a water bath at 100°C for 30 min, then quickly
cooled to room temperature and centrifuged at 10000 g for 10 min. The absorbance was
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measured at 532 and 600 nm. MDA content was calculated by subtracting the non-specific
absorption at 600 nm from the absorption at 532 nm and calibrated by with the extinction
coefficient of 155 mM−1 cm−1 (Health and Packer, 1968).
3.3.4 Experimental design
The experiment was a split plot design. The main plot, subplot and sub-subplot were salinity
stresses, PGRs, and cultivars, respectively. Each cultivar was randomly assigned within salinity
and PGR treatments. All treatments had three replications. The PROC MIXED model was used
with PGRs, salinity, and cultivars as fixed factors and replications as random factor for analysis
using SAS (version 9.4; SAS Institute, Cary, NC). The means of traits were separated using least
significant difference at a significance level of 0.05.
3.4 Results
The total soluble protein (TSP) concentration was unaffected by 6-BA, GABA and SNP
treatments on Brightstar SLT and SR4660ST under non-salinity stress (Figure 3-1). TSP
increased 111% and 32% in Brightstar SLT and SR4660ST repressively, compared to the control
without stress. Application of 6-BA had 27% of lower TSP in Brightstar SLT but had no effects
on SR4660ST under 200 mM NaCl, while application of GABA and SNP did not alter TSP for
Brightstar SLT and SR4660I, compared to the plants sprayed with water (Figure 3-1).
There were approximately 42 and 27% of reductions in SOD activity in Brightstar SLT
and SR4660ST under salinity stress, repressively; compared to the plants under non-stress
condition (Figure 3-2). However, foliar application of 6-BA GABA and SNP had no effects on
both cultivars under both salinity and non-stressed conditions.
Spray of 6-BA and GABA did not alter the CAT activity of Brightstar SLT and
SR4660ST under non-salinity stress, while SNP promoted the CAT activity in SR4600ST
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(Figure 3-3). CAT activity decreased 61% in Brightstar SLT and 67% in SR4660ST under
salinity stress, compared the plants under non-salinity stress. 6-BA application increased CAT
activity by 1.44 fold in Brightstar SLT and 1.74 fold in SR4600ST under salinity stress,
compared with the plants sprayed with water (Figure 3-3). Similar results for CAT activities
were found with SNP treatment under salinity stress, with 75% increase for Brightstar SLT and
59 % increase for SR4600ST (Figure 3-3). No significant change in CAT activity was detected in
both cultivars sprayed with GABA treatment under salinity stress.
Foliar application of 6-BA and GABA did not affect POD activities for both cultivars
under non-stressed condition (Figure 3-4). However, higher POD was found in the SNP treated
SR4600ST, but not in Bright star SLT under no-stressed condition. Salinity stress caused 60%
reduction in POD activity in Brightstar SLT and 47% reduction in SR4660ST, compared to the
plants without salinity stress. Application of 6-BA increased POD activity to 35% in Brightstar
SLT and 59% in SR4660ST under salinity stress, compared to the plants sprayed with water
(Figure 3-4). Exogenous application of SNP had 59% higher POD activity in SR4660ST but not
in Brightstar SLT under salinity stress, compared the plants sprayed with water. The MDA
content was unaffected by PGRs and salinity treatments (Figure 3-5).
3.5 Discussion
Salinity stress induces oxidative injury and changes the activities of antioxidant enzymes in
plants under salinity stress (Hu et al., 2012; Liu et al., 2012; Muscolo et al., 2003; Rasool et al.,
2013; Sekmen et al., 2007). The responses of antioxidant enzymes to salinity stress varied with
plant species, cultivar and stress intensity and duration, but PGRs effects on antioxidant
metabolism under salinity stress have not been extensively studied. It was reported that SOD
activity of perennial ryegrass increased under 170 mM NaCl but remained unchanged under 85
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mM and 255 mM NaCl (Hu et al., 2011b). Another study showed that perennial ryegrass cultivar
DP1 and Quickstart II had increased SOD activity at 4 d of 250 mM NaCl, and then gradually
decreased until 12 d, compared to the no salinity treatment (Hu et al., 2012). Our results also
demonstrated that SOD activity decreased at 14 d of 200 mM NaCl in both Brightstar SLT and
SR4660ST. However, applications of 6-BA, GABA, and SNP did not alter the SOD activity
under non-stressed or 200 mM NaCl. The results did not support previous observations that
exogenous 6-BA markedly increased SOD activities in perennial ryegrass exposed to 21 d of 250
mM NaCl (Ma et al., 2016) and in eggplant exposed to 10 d of 90 mM NaCl (Wu et al., 2014).
Factors such as plant species, stress intensity and duration as well as plant hormone
concentration may influence 6-BA effects on SOD activity under salinity stress.
CAT is a key enzyme that plays an important role in decomposing H2O2 (Mittler, 2002).
In our study, 200 mM NaCl stress reduced CAT activity in both perennial ryegrass cultivars at
14 d of stress treatment, which was consist with the declined SOD activity. A decreased CAT
activity was also shown in perennial ryegrass at 21 d of 250 mM NaCl (Ma et al., 2016). A
reduction of CAT activity was also found in samphire (Crithmum maritimum) under 200 mM
NaCl, but increased CAT activity was observed in this species exposed to 50 mM NaCl (Amor et
al., 2005). The results demonstrated variations of CAT activity in response to different salinity
stress. Application of 6-BA and SNP increased CAT activities in both cultivars, indicating a
positive role of these PGRs in decomposing H2O2. Also in perennial ryegrass, spray of 6-BA
increased CAT activity at 7 d of salinity treatment but decreased CAT at 21 d (Ma et al., 2016).
The results suggested that 6-BA upregulated the CAT activity under salinity stress but effects of
6-BA depended on the duration of treatment. Exogenous application of SNP also had higher
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CAT activity in wheat (Zheng et al., 2009), indicating that SNP application may maintain the
CAT activity under salinity stress.
POD is an alternative enzyme that decomposition H2O2 (Muscolo et al., 2003). Our
results showed a decreased POD activity under 14 d of salinity treatment in both cultivars, which
partially supported the previous study of initial increased but gradually decreased POD activity
in perennial ryegrass (Hu et al., 2012). Our results also showed that 6-BA application had higher
POD activity in both perennial ryegrass cultivars than the plant sprayed with water. The results
were consistent with that in two eggplant cultivars that 6-BA increased the POD activity under
salinity stress (Wu et al., 2014). Application of SNP only increased POD activity in SR4660ST.
Similar results was also detected in samphire sprayed with SNP under salinity stress (Ben Amor
et al., 2005). The increased TSP was found in the both Brightstar SLT and SR4660ST cultivars
under 200 mM NaCl. Salinity stress induced TSP was also observed in two genotype of wheat
(Perveen et al., 2011). Exogenous application of 6-BA significantly lowered the TSP in both
cultivars in this study. However, an increased TSP was found in 6-BA treated what plants under
medium salinity (Yasmeen et al., 2013). The discrepancy in the results could be due to variation
of plant response to stress and spray of plant hormone. The reduced TSP in two perennial
ryegrass cultivars indicated that 6-BA could mitigate salinity-induced protein alterations under
200 mM NaCl.
3.6 Conclusion
Salinity stress increased TSP concentration and reduced SOD, CAT, and POD activities but did
not alter MDA content in two cultivars of perennial ryegrass. Foliar application of 6-BA and
SNP increased CAT and POD activities under salinity stress, compared to the untreated plants.
GABA did not alter antioxidant activities under salinity stress. The results indicated that
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responses of antioxidant enzymes to salinity stress are complex, and mechanisms of PGR
mediated salinity tolerance in relation to antioxidant metabolism deserves further investigations.
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Figure 3-1. Total soluble protein (TSP) content as affected by 14 d of non-salinity spray with
water (C), non-salinity spray with plant growth regulator (C+ PGR), 200 mM NaCl stress (S),
and spray with PGR under S, respectively. 6-BA, 6-Benzyladenine (10 µM); GABA, γaminobutyric acid (500 µM); SNP, nitric oxide donor sodium nitroprusside (200 µM). Means
followed by the same letter within four treatments for a given cultivar are not significantly
different at P < 0.05. Bars indicate standard deviation.
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Figure 3-2. Superoxide dismutase (SOD) activity as affected by 14 d of non-salinity spray with
water (C), non-salinity spray with plant growth regulator (C+ PGR), 200 mM NaCl stress (S),
and spray with PGR under S, respectively. 6-BA, 6-Benzyladenine (10µM); GABA, γaminobutyric acid (500 µM); SNP, nitric oxide donor sodium nitroprusside (200 µM). Means
followed by the same letter within four treatments for a given cultivar are not significantly
different at P < 0.05. Bars indicate standard deviation.
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Figure 3-3. Catalase (CAT) activity as affected by 14 d of non-salinity spray with water (C),
non-salinity spray with plant growth regulator (C+ PGR), 200 mM NaCl stress (S), and spray
with PGR under S, respectively. 6-BA, 6-Benzyladenine (10 µM); GABA, γ-aminobutyric acid
(500 µM); SNP, nitric oxide donor sodium nitroprusside (200 µM). Means followed by the same
letter within four treatments for a given cultivar are not significantly different at P < 0.05. Bars
indicate standard deviation.
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Figure 3-4. Peroxidase (POD) activity as affected by 14 d of non-salinity spray with water (C),
non-salinity spray with plant growth regulator (C+ PGR), 200 mM NaCl stress (S), and spray
with PGR under S, respectively. 6-BA, 6-Benzyladenine (10 µM); GABA, γ-aminobutyric acid
(500 µM); SNP, nitric oxide donor sodium nitroprusside (200 µM). Means followed by the same
letter within four treatments for a given cultivar are not significantly different at P < 0.05. Bars
indicate standard deviation.
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Figure 3-5. Malondialdehyde (MDA) content as affected by 14 d of non-salinity spray with
water (C), non-salinity spray with plant growth regulator (C+ PGR), 200 mM NaCl stress (S),
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CHAPTER 4: ENDOGENOUS HORMONE RESPONSES OF TWO
PERENNIAL RYEGRASS CULTIVARS TO SALINITY STRESS

4.1 Abstract
Perennial ryegrass (Lolium perenne) is an important cool-season turf and forage grass in
temperate regions. Plant hormones regulate plant growth and responses to environmental
stresses. The objective of this study was to explore the changes of endogenous hormone in
response to salinity stress in perennial ryegrass. Cultivar Brightstar SLT and SR4660ST were
subjected to 0 (control, no salinity) and 200 mM NacCl for 5 d and 12 d after treatment in a
growth chamber. Salinity stress caused significant declines in plant height, fresh and dry weight,
K+ concentration and increased Na+ accumulation in both cultivars at both harvests. Salinity
stress increased zeatin concertation for both harvests in SR4660ST, while increased kinetin
concentration was found on 1st harvest for SR4660ST and 2nd harvest for Brightstar SLT,
compared to their respective non-stress control. Increased indole-3-butyric acid concentration
was found in Brightstar SLT and SR4660ST for both harvests under salinity stress, but indole-3acetic acid content was unaffected by salinity stress. Brightstar SLT and SR4660ST had 73 and
74% lower of jasmonic acid concentration on 2nd harvest under salinity stress. Meanwhile,
salinity stress caused 90% reduction of abscisic acid concentration on 1st harvest for Brightstar
SLT. The results suggested that alterations of the endogenous hormone could be associated with
plant adaption to the salinity stress.
4.2 Introduction
Salinity stress is a major abiotic stress that can inhibit plant growth and development through
imposing the ionic and osmatic stresses to the plants (Munns and Tester, 2008). The excessive
absorption of Na+ causes damage to cell membrane and then lead to growth reduction. The
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salinity tolerant plant may reduce excessive Na+ uptake and maintain the K+ concentrations,
contributing to less suppression of plant growth ( Song et al., 2017; Tang et al., 2013; Yin et al.,
2017).
Salinity tolerance mechanism involves several signaling pathways (Zhu, 2002). Plant
hormones are considered closely related to signaling networks that are beneficial for salinity
tolerance (Ryu and Cho, 2015). Alterations of plant hormones to salinity stress have been studied
in some plant species. Auxin such as indole-3-acetic acid (IAA), and indole-3-butyric acid (IBA)
play an important roles in regulation of plant growth and development (Ryu and Cho, 2015). It
was reported that elevated IAA concentration was observed in tice (Oryza sativa) and tomato
(Solanum lycopersicum) under salinity stress (Kazan, 2013). Cytokinins such as kinetin and
zeatin are involved in plant growth, development and plant adaptation to stress (Nishiyama et al.,
2012). Salinity stress increased trans-zeatin concentration in perennial ryegrass (Ma et al., 2016).
Abscisic acid (ABA) acts as an essential signaling mediator in regulation of plant development
processes. Exposure of the plants to salinity rapidly induced the endogenous level of ABA (Zhu,
2002). Endogenous ABA concentration increased in maize (Zea mays) in response to salinity
stress (Cramer and Quarrie, 2002).
Jasmonate acid (JA) is also an vital signaling molecule for plant development and
defense mechanisms (Kazan and Manners, 2012). An enhanced JA concentration was found in
shoots and roots in both tolerant and sensitive rice cultivars (Kang et al., 2005). Gibberellic acid
(GA) plays important roles in seeding germination, flowering leaf expansion, plant elongation as
well as regulating the signaling pathway responsive to environmental stimuli (Davière and
Achard, 2013). It was reported that salinity decreased GA concentration in Arabidopsis thaliana
(Magome et al., 2008). Although endogenous hormone alterations have been examined in some
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plant species, responses of plant hormones to salinity stress have not been extensively
investigated in perennial grass species.
Perennial ryegrass (Lolium perenne) is a widely used cool-season grass for turf and
forage production in the temperate regions. Native to Europe, Asia, and north Africa, turf-type
perennial ryegrass are extensively used on golf courses, athletic fields, home lawns and parks.
Salinity stress can severely affect the grass quality and biomass yield. Little is known
about .salinity effects on endogenous hormones. The objectives of this study were to study
growth, ion concentration, and endogenous hormones in two perennial ryegrass cultivars
exposed to 200 mM NaCl.
4.3 Materials and methods
4.3.1 Plant materials and growing conditions
Two commercial perennial ryegrass cultivars of Brightstar SLT and SR4660ST were used in the
experiment. About 90 seeds were sown in pots (4-cm wide, 9 cm deep) containing sand on 7
April 2017 in a greenhouse. Grasses were watered daily with a 50 mL half-strength Hoagland
solution and cut weekly to 5 cm. The average temperatures in the greenhouse were 20 ± 3/16 ±
1.0 °C (day/night). The photosynthetically active radiation (PAR) was approximately 500
µmol·m−2·s−1, with a 14-h day length achieved with natural and artificial lights. Plant were
grown in a greenhouse for 75 days before moving into growth chamber. Plant were allowed to
adapt growth chamber conditions for 1 week before salinity stress was imposed. The
temperatures in the growth chamber were 20/15 °C (day/night) and the PAR was approximately
500 µmol·m−2·s−1.
4.3.2 Salinity and PGR treatments
All plants were cut to the 5 cm before stress treatments. On 8 June 2017, stress treatment was
initiated and the plants were subjected to the following two treatments: irrigated with 50 mL
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half-strength Hoagland solution to allow free drainage at the bottom of the pots (control) or
irrigated the same volume of Hoagland solution amended with 200 mM NaCl (salinity stress). To
avoid salinity shock, plants were previously exposed to a gradually increasing NaCl
concentration (25, 50, 75, 100, 150, 200 mM) until reaching the final concentration.
For determining K+ and Na+ concentration, we followed the method previously described
by Tang et al. (2013a). Briefly, a 50 mg fine powder of dry tissue was mixed with 3 mL 18 M
H2SO4 in a 50 mL digestion tube. The tubes were placed into a digestion block at 200°C for 45
min. After tubes cooling, 3 mL 30% H2O2 was slowly added to each tube and tubes were placed
back to the block for 45 min until the mixture became totally transparent and colorless. Distilled
water was added to the extraction to 50 mL. A 2 mL aliquot of extraction was taken and
transferred to a new tube with distilled water being added to bring the final volume to 15 mL.
The Na+ and K+ concentrations were determined the diluted extract using a plasma atomic
emission spectrometer (ICP 9820; Shimadzu, Columbia, MD).
4.3.3 Hormone measurements
Fresh leaves were collected at each harvest time, frozen in liquid N, and stored in -80ºC until
extraction of hormones. The extraction of hormone was adopted from the methods described
previously (Krishnan and Merewitz, 2015; Pan et al., 2008; Wu et al., 2017) with some
modifications. Briefly, approximately 200 mg grouned tissue was homogenized in 1 mL
acetonitrile with 1% HOAc, then vortexed for 2 hours at room temperature. Deuterium-labeled
standard (100 ng d4-SA, and 0.1ng d5-IAA) was added to the extraction. Samples were
centrifuged at 8000 rpm for 3 min and the supernatants were collected and dried using a Speed
Vacuum at 30 °C. The dry samples were resuspended in 100 μL of MeOH and centrifuged at
13000 rpm for 5 min, and supernatants were transferred to the vials for hormone analysis.

80
Endogenous hormones including kinetin, trans-zeatin riboside, IBA, IAA, ABA, GA, and JA
were analyzed using 6460 Triple Quadrupole Mass Spectrometer (Agilent Technologies, Santa
Clara, CA).
4.3.4 Experimental design
The experiment was a split plot design. The main plot and subplots were salinity stress and
cultivar, respectively. Each cultivar was randomly assigned within salinity treatments. All
treatments had three replications. The PROC MIXED model was used with salinity and cultivars
as fixed factors and replications as random factor for analysis using SAS (version 9.4; SAS
Institute, Cary, NC). The means of traits were separated using least significant difference at a
significance level of 0.05.
4.4 Results
Growth responses
Salinity stress significantly decreased HT, FW, and DW for both cultivars. The decreased HT
was 51 and 53% for Brightstar SLT and 36and 55% for SR4660ST for 1st and 2nd harvest,
respectively; compared to the non-stressed control (Figure 4-1). Meanwhile, FW was reduced by
59 and 71 % in Brightstar SLT and 50 and 75 % in SR4660ST for 1st and 2nd harvest,
respectively (Figure 4-1). The DW was 47 and 43% lower for 1st harvest and 58 and 66% lower
for 2nd harvest for Brightstar and SR4660ST, respectively; compared to the non-stressed control
(Figure 4-1).
Ion responses
Generally, salinity stress increased Na+ and decreased K+ concentrations in both cultivars (Figure
4-2). The Na+ concentration was 5.3 and 13.8 time higher in Brightstar SLT and was 8.2 and 6.6
times higher in SR4660ST for 1st and 2nd harvest, respectively; compared to the control (Figure
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4-2). Meanwhile, 31 and 42% loss of K+ concentration were found for 1st and 2nd harvest in
Brightstar SLT and 42 loss of K+ for 2nd harvest in SR4660ST, relative to the control (Figure 42).
Endogenous hormone responses
Salinity stress increased kinetin concentration 2.7 fold at the 1st harvest for SR4660ST and 2.9
fold on 2nd harvest for Brighstar SLT (Figure 4-3). The concentration of zeatin increased 2.4- and
2.2-fold in SR4660ST for 1st and 2nd harvest under 200 mM NaCl, compared to the control
(Figure 4-3). Salinity stress did not change IAA concentration in either cultivars at any harvests
(Figure 4-4). The concentration of IBA increased 2.4- and 2.3-fold on 1st and 2nd harvest for
Brightstar SLT and 2.9- and 1.7-fold for SR4660ST, respectively; compared to the control
(Figure 4-4).
Salinity stress did not alter JA concentration in both cultivar for 1st harvest, but was
decreased 74% in both cultivars at the 2nd harvest, compared to the control (Figure 4-5).
SR4660ST had 50% lower of SA under salinity stress on 2nd harvest (Figure 4-6). Salinity stress
decreased ABA concentration by 90% in Brightstar SLT for 1st harvest, but had no effects on GA
concentration for either cultivars at any harvests, compared to the control (Figure 4-6).
4.5 Discussion
Significant reductions in HT, FW, and DW in both cultivars for both harvests under 200 mM
NaCl confirmed that salinity stress was deleterious to growth of perennial ryegrass. Overaccumulation of Na+ can disrupt cellular membrane stability leading to ion leakage, damage to
macromolecules, and growth inhibition under salinity stress (Ma et al., 2016). K+ is another key
ion involved in salinity stress, because Na+ competes with K+ for uptakes sites at the plasma
membrane (Shabala and Cuin, 2008). In particular, the higher Na+ and lower K+ concentrations
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were found in salinized plants at second harvest, which was consistent with the severer reduction
of HT, FW, and DW. It was obvious that the negative effects of salinity stress on the plants
become more severe with the extended period of stress.
Previous study found that application of NAA (150 mg L-1) enhanced seeding of two
spring wheat cultivars under salinity stress, but effects of IAA and IBA varied with cultivars
(Iqbal and Ashraf, 2013). The increased IAA was observed in both roots and shoots of tomato
under 150 mM NaCl (Dunlap and Binzel, 1996), but salinity stress reduced IAA concentration in
wheat seeding (Shakirova et al., 2003). In our study salinity stress did not change IAA
concentration but increased IBA in both cultivars under 200 mM salinity stress. It appeared that
responses of auxin to salinity stress varied with plant species or salt concentration, but increase
in auxin concentration may help plants improve salinity tolerance.
It has been reported that salinity stress reduces cytokinins biosynthesis in root system,
leading to a short supply of cytokinin in the shoots (Nishiyama et al., 2012). However, not all
research results supported this observation. For example, cytokinin remained unchanged in
tobacco (Nicotiana tabacum) under salinity stress (Mizrahi et al., 1971). Perennial ryegrass
exposed to 250 mM NaCl increased tans-zeatin at 21d of stress (Ma et al., 2016), which was
consistent with our results that the increased zeatin was observed for both cultivars at 2nd harvest.
Application of kinetin promoted salinity tolerance of mangrove grass (Aeluropus
lagopoides) seeding and Urochondra setulosa seeding under 200 mM NaCl (Gulzar and Khan,
2002). In our study, the increased kinetin found in SR4660ST at 1st harvest and in Brighrstar at
2nd harvest indicated that the increased endogenous cytokinins could potentially contribute to
plant salinity tolerance.
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A low salinity (20 mM NaCl) induced the JA accumulation in shoots and roots of both
salinity tolerant and sensitives rice cultivars (Kang et al., 2005). The increased JA concentration
had protective effects against the adverse effects of salinity (Moons et al., 1997). However, the
JA level increased at early stage of salinity stress but then gradually deceased in tomato
(Pedranzani et al., 2003). These results may partially supported our observation that the reduced
JA was found in both cultivar at 2nd harvest but not in the 1st harvest.
The elevated ABA level triggers stomata closure, accumulating proteins and osmolytes
for smotic adjustment (Ryu and Cho, 2015). But the increased ABA level can lead to reduction
of plant growth (Cramer and Quarrie, 2002). Salinity stress increased endogenous ABA
concentrations in maize (Zea mays) (Cramer and Quarrie, 2002). In our study, ABA content in
Brightstar SLT decreased at 1st harvest, and then recovered to normal level at 2nd harvest. The
results did not clearly indicate that ABA was associated with salinity tolerance in perennial
ryegrass.
4.6 Conclusion
Salinity stress reduced growth rates and K+ concentration and increased Na+ concentration in
Brightstar SLT and SR4660ST cultivars. Endogenous hormone levels varied with cultivars and
harvest times. In general, increased IBA, kinetin, and zeatin concentrations and decreased JA and
ABA concentrations were found in perennial ryegrass exposed to 200 mM NaCl stress. Hormone
biosynthesis and metabolism are complex under salinity stress. The findings of this study
suggested that perennial ryegrass cultivars had various strategies to adjust the endogenous
hormone changes for adaptation to salinity stress.
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Figure 4-1. Plant height (HT), leaf fresh weight (FW) and leaf dry weight (DW) as affected by
200 mM NaCl and under non-stress condition (control) at 5 d and 12 d for Brightstar SLT (BS)
and SR4660ST (SR). Means followed by the same letter within treatments for a given cultivar
are not significantly different at P < 0.05. Bars indicate standard deviation.
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Figure 4-2. Leaf Na+ and leaf K+ concentration as affected by 200 mM NaCl and under nonstress condition (control) at 5 d) and harvest 2 (12 d) for Brightstar SLT (BS) and SR4660ST
(SR). Means followed by the same letter within treatments for a given cultivar are not
significantly different at P < 0.05. Bars indicate standard deviation.
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Figure 4-3. Kinetin and Zeatin concentration as affected by 200 mM NaCl and under non-stress
condition (control) at 5 d and 12 d for Brightstar SLT (BS) and SR4660ST (SR). Means followed
by the same letter within treatments for a given cultivar are not significantly different at P <
0.05. Bars indicate standard deviation.
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Figure 4-4. Iindole-3-acetic acid (IAA) and indole-3-butyric acid (IBA) concentration as affected
by 200 mM NaCl and under non-stress condition (control) at 5 d and 12 d for Brightstar SLT
(BS) and SR4660ST (SR). Means followed by the same letter within treatments for a given
cultivar are not significantly different at P < 0.05. Bars indicate standard deviation.
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Figure 4-5. Jasmonic acid (JA) and salicylic acid (SA) concentration as affected by 200 mM
NaCl and under non-stress condition (control) at 5 d and 12 d for Brightstar SLT (BS) and
SR4660ST (SR). Means followed by the same letter within treatments for a given cultivar are not
significantly different at P < 0.05. Bars indicate standard deviation.
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Figure 4-6. Abscisic acid (ABA) and gibberellic acid (GA) concentration as affected by 200 mM
NaCl and under non-stress condition (control) at 5 d and 12 d for Brightstar SLT (BS) and
SR4660ST (SR). Means followed by the same letter within treatments for a given cultivar are not
significantly different at P < 0.05. Bars indicate standard deviation.

94

CHAPTER 5. OVERALL SUMMARY

Soil salinity is a major stress limiting growth and development of perennial grass species. Plant
growth regulators (PGRs) play an important role in regulating plant growth and salinity
tolerance. The experiments were designed to study effects of PGRs on salinity tolerance of
perennial ryegrass. We found that salinity stress significantly decreased plant growth and K+
concentration and enhanced Na+ accumulation in four perennial ryegrass cultivars. Various
PGRs, especially 6-BA, GABA and SNP, enhanced growth and physiological activity under 200
mM NaCl, compared to the plants treated with water. Brightstar SLT and Inspire cultivars
positively responded to all PGRs under salinity stress, followed by Catalina, and SR4660ST was
the least responding cultivar. Salinity stress also increased TSP concentration and reduced SOD,
CAT, and POD activities but did not affect MDA content in Brightstar SLT and SR4660ST.
Foliar applications of 6-BA and SNP increased CAT and POD activities under salinity stress,
compared to the untreated plants. GABA did not alter antioxidant activities under salinity stress.
Endogenous hormone levels varied with cultivars and harvest times under salinity stress. In
general, increased IBA, kinetin, and zeatin concentrations and decreased Jasmonic acid and
abscisic acid concentrations were found in Brightstar SLT and SR4660ST exposed to 200 mM
NaCl. The results indicated that PGR effects on the plants and hormone biosynthesis were
complex under salinity stress. Plant could adopt various strategies to cope with salinity injury,
but such mechanisms varied with stress duration and intensity as well as cultivars. Future
research is needed to further examine physiological and molecular responses of diverse perennial
grass specie and cultivars to PGR application under salinity stress.

